h i g h l i g h t s Fe 2 O 3 catalysts supported on titania are highly active for the reduction of NO with CO. Show a high selectivity to N 2 and a promising catalytic stability in the presence of O 2 , SO 2 and water steam. That performance makes of this type of catalyst highly suitable to be applied in the abatement of NO emissions. g r a p h i c a l a b s t r a c t NO reduction with CO in the presence of O 2 , SO 2 and water steam on highly stable Fe 2 O 3 catalysts supported on titania. SO 2 and water steam stability a b s t r a c t
Introduction
Nowadays, emissions of nitric oxides (NO x ) from mobile or stationary sources give rise to serious environmental problems [1] . Among the used alternatives for the reduction of NO x , heterogeneous catalytic processes are very interesting because they have achieved high reduction levels of NO x to N 2 [2] [3] [4] . Many compounds can be used as agents for NO reduction [5] ; nevertheless, carbon monoxide (CO) stands out, since it is also produced during the combustion process and could catalytically react with NO generating CO 2 , N 2 and/or N 2 O according to the reactions represented by Eqs. (1) and (2):
Whereas the reaction represented by Eq. (1) is the only one interesting from the environmental point of view, it is crucial to develop catalysts that allow the NO reduction with high selectivity to N 2 . Noble metal catalysts are the most used for the reduction of NO with CO [6] [7] [8] . However, due to their high cost, cheaper transition metal oxides [2, 9] supported on mesoporous molecular sieves [10] , Al 2 O 3 [11] , CeO 2 [12] , ZrO 2 [13] , TiO 2 [14] or a mixture of them [15, 16] , are being largely investigated. Liu et al. [17] prepared Cu-catalysts (1-5 wt.%) supported on CeO 2 -ZrO 2 , with different Ce/Zr ratio, for the reduction of NO with CO and showed that the dispersion of CuO is influenced by the crystal structure of the ceria, zirconia or ceria-zirconia support, once Cu atoms can be located in the oxygen vacancies of ceria improving the performance of CuO in terms of overall NO reduction. Okamoto et al. [18] prepared iron based catalysts supported on ZrO 2 , SiO 2 and Al 2 O 3 and found that their activity in the reduction of NO with CO was greater when zirconia was used as support. Moreover, Okamoto et al. [18] verified considerable formation of N 2 O at temperatures lower than 200°C.
The effect of the support was also evidenced by Hu et al. [11] , who prepared CuO catalysts supported on alumina or ceria. The reduction of NO with CO at 200°C and GHSV = 5,000 h À1 on the catalysts loaded with 10 wt.% CuO/100 m 2 of support resulted in 15% or 80% of NO conversion when CuO was supported on Al 2 O 3 or CeO 2 , respectively [11] . Patel et al. [10] prepared CuO catalysts supported on silica SBA-15 with different Cu loading. The high specific surface area of the SBA-15 allowed loading higher well distributed metal contents and, consequently, resulted in catalysts with high catalytic performance in the reduction of NO with CO. Sreekanth and Smirniotis [14] prepared CrO x , MnO x , Fe 2 O 3 , NiO and CuO catalysts (10 wt.%) supported on high specific surface area titania (309 m 2 g À1 ) and verified that the catalysts containing Fe(III) or Cu(II) oxides presented NO and CO conversion of approximately 30% and 50%, respectively, during the first six hours of reaction at 200°C under oxidizing atmosphere and GHSV of 50,000 h À1 .
Although there are plenty of papers describing the synthesis and performance of different catalysts in the reduction of NO with CO, there is still lack of information related to their catalytic stability in the presence of oxygen (O 2 ), sulfur dioxide (SO 2 ) and water steam [19, 20] , which are always part of the exhaust gases generated in combustion processes. Thus, it is of great importance to develop NO x reduction catalysts, not only with high activity and selective to N 2 formation, but also with high catalytic stability in the presence of the above cited reaction poisoning compounds. In this sense, the target of this paper was to prepare and evaluate Cu(II) and Fe(III) oxides catalysts supported on titania in the reduction of NO to N 2 with CO. The most active catalysts were also evaluated in the presence of O 2 , SO 2 and water steam.
Experimental

Catalysts preparation
The catalysts were prepared by incipient wetness impregnation (IWI) of TiO 2 P25 Aeroxide (Acros Organics -molar ratio anatase:rutile = 3:1) using concentrated aqueous solutions of Cu(NO 3 )Á3H 2 O (Fluka) or Fe(NO 3 ) 3 Á9H 2 O (Fluka). After the impregnation, the solids were dried overnight at 110°C and then calcined at 550°C under air flow during 8 h (heating rate of 2°C min À1 ). The used nominal load of Cu or Fe in the catalysts was 2, 5 or 10 wt.%. The samples were named xCu/Ti or xFe/Ti, where x refers to the nominal wt.% of the metal content.
Support and catalysts characterization
Chemical analysis
The Cu and Fe content in the catalysts were determined by atomic absorption spectrophotometry using a Varian SpectrAA-200 apparatus.
Thermal analysis (TG/DTA)
The commercial TiO 2 and the uncalcined 10Cu/Ti and 10Fe/Ti catalysts were analyzed by thermogravimetry (TG/DTA) on a TA Instruments Thermal Analyst 2100 Thermobalance from 25 to 1000°C under air flow using a heating rate of 10°C min À1 .
X-ray diffraction (XRD)
The powder diffraction patterns of the support and the supported catalysts were performed at room temperature in the range of 2h angles from 5°to 50°using a goniometer rate of 2h min À1 , in a Rigaku Multiflex Diffractometer operated at 40 kV and 40 mA, using a Ni-filtered Cu Ka radiation (k = 1.5418 Å). The obtained XRD data were compared with those from the JCPDS Database and the crystallite size of the support was obtained using the Scherrer equation [21] .
Rietveld refinement
The Rietveld refinement method [22] was used to accurately quantify the crystalline phases of anatase and rutile in the titania support, as well as the mass percentages of copper and iron oxide in the respective catalysts. X-ray diffraction was performed using a Rigaku MultiFlex operating with Cu Ka radiation, 40 kV, 40 mA and equipped with a Ni monochromator. The data collection was recorded in the range of 2h = 5-100°with a step of 0.02 and 3 s/step. Rietveld refinement was developed using the space group I41/amd and P42/mnm for anatase and rutile, respectively [ICSD 78-2486,87-920]. The GSAS suit program [23] was used for the Rietveld structure refinement [22] , using the least-squares method [24] to achieve the best agreement between the measured and the calculated profile. Parameters of the iron and copper oxides were obtained from the Inorganic Crystallographic Structure Database. The parameters constituting the instrumental resolution function (U,V,W) were obtained from a Y standard (U = 5.776730, V = À0.007936, W = 4.975120).
Nitrogen adsorption/desorption analysis
The specific surface area of the catalysts was calculated by the BET equation [25] using N 2 adsorption data at À196°C obtained with a Micromeritics ASAP 2020 apparatus. Prior to the analysis, the samples were treated at 200°C for 2 h under vacuum. The pore size distribution of the support was obtained from the desorption branch of the isotherms using the BJH method [26] .
Hydrogen temperature programmed reduction (H 2 -TPR)
The analyses of H 2 -TPR were performed from room temperature to 1000°C on a Micromeritics Autochem 2920 equipment using a quartz U-tube loaded with 100 mg of catalyst. It was used a mixture of H 2 in N 2 (5% vol./vol.) and a heating rate of 10°C.min À1 . The H 2 consumption was monitored by using a thermal conductivity detector (TCD). Prior to the analysis, the catalysts were pretreated under nitrogen flow at 200°C during 30 min.
Carbon monoxide temperature programmed reduction (CO-TPR)
The analyses of CO-TPR were carried out using a similar procedure that was described for the H 2 -TPR analysis. In this case, 50 mg of catalyst and a mixture of CO in He (10% vol./vol.) were used. Prior to the analysis, the catalysts were pre-treated under helium flow at 200°C during 30 min.
UV VIS diffuse reflectance spectroscopy (UV VIS DRS)
The UV VIS DRS spectra were recorded at room temperature in the range of 200 to 800 nm by means of a Varian Cary 5G spectrophotometer. BaSO 4 was used as the reference for baseline emendation.
Catalysts evaluation
The Cu and Fe studied catalysts were evaluated in the reduction of NO to N 2 with CO at temperatures between 150 and 500°C. The tests were carried out under atmospheric pressure in a laboratory scale unit using a fixed bed quartz tubular reactor loaded with 100 mg of catalyst mixed with 100 mg of grounded quartz. The flow rate of each reaction compound was controlled by means of mass flow meters (MKS type 247). Taking into account the reaction stoichiometry (Eq. (1)), 5000 ppm of NO and 5000 ppm of CO (in a He stream) were fed into the reactor, resulting in a flow rate of 50 mL min À1 and a GHSV of 75,000 h À1 . The feed stream and the reactor effluents were analyzed online by gas chromatography using a Shimadzu (GC-17A) instrument equipped with a thermal conductivity detector (TCD) and two packed columns (Porapack N and Molecular Sieve 13X). The samples 10Cu/Ti and 10Fe/Ti were also evaluated in the reduction of NO with CO at 500°C in the presence of 0.12% of O 2 (vol./vol.), 34 ppm of SO 2 and 3% (vol./vol.) of water steam. The conversions (v) of NO to N 2 and CO to CO 2 were calculated, respectively, with Eqs. (3) and (4) in terms of the concentration of N 2 , NO and CO.
3. Results and discussion
Support and catalysts characterization
The chemical composition of the prepared catalysts is shown in Table 1 . As we can see, the metal contents were slightly different when compared with the nominal values.
The TG profile of titania ( Fig. 1 ) indicates a loss weight of nearly 3%. The DTA curve ( Fig. 1 ) shows endothermic peaks between 60 and 200°C due to the removal of physical adsorbed and strongly bonding water. In addition, an exothermic peak at temperatures higher than 400°C (with maximum at 570°C) is assigned to the anatase phase transition to rutile [27, 28] . For the uncalcined 10Cu/Ti ( Fig. 2a ), loss weight events are observed at temperatures between 25 and 300°C, which are related to four endothermic events. The first and the second, with a maximum temperature at around 60 and 100°C is attributed, respectively, to the removal of physically adsorbed water and to the melting of copper nitrate. The third peak, centered at 190°C, refers to the partial decomposition of copper nitrate, and the fourth, at 225°C, is due to the total decomposition of copper nitrate to copper oxide [29] , which is in agreement with the results of Ayastuy et al. [30] , who reported that the copper nitrate decomposition to CuO occurs at temperatures bellow 300°C. As observed for pure titania (Fig. 1) , the exothermic peak with maximum temperature at approximately 470°C ( Fig. 2a ) is related to the anatase phase transition to rutile [27] . The TG and DTA curves of the uncalcined 10Fe/Ti catalyst ( Fig. 2b) shows, between 60 to 370°C, weight loss corresponding to three endothermic events. The peaks with maximum temperature at 62°C and at 130°C are related to the removal of water physically adsorbed and strongly bonded inside the titania pores, respectively [27] . The third endothermic peak, at 270°C, is due to the decomposition of iron nitrate to the amorphous iron oxide with its subsequent transformation to crystalline iron oxide [31] . As for the pure titania ( Fig. 1 ) and for the 10Cu/Ti catalyst ( Fig. 2a ), the exothermic peak centered at around 490°C (Fig. 2b) is related to the anatase transition to rutile. The TG/DTA analyses of this work indicate that the anatase transition to rutile in the uncalcined 10Cu/Ti catalyst began at lower temperatures than uncalcined pure TiO 2 and 10Fe/Ti catalyst, confirming the results published by Francisco and Mastelaro [32] .
The XRD patterns of Cu and Fe catalysts are shown in Figs. 3 and 4, respectively. Although the intensity of TiO 2 diffraction peaks of the catalysts is lower when compared with the pure support, the preparation procedure and the presence of metal oxides on its surface did not modify its crystallographic characteristics. As can be seen in Table 2 , the crystallite sizes of anatase and rutile, calculated with the Scherrer equation, are quite different, with the crystallites of anatase having smaller sizes than those corresponding to rutile. Similar results were published by Ohno et al. [33] , who observed TiO 2 Degussa P25 particles by TEM and verified that anatase also presented smaller particles. It is also verified from Table 2 that the calcination at 550°C of the pure titania and catalysts led to no significant changes in the sizes of anatase and rutile crystallites.
As can be seen in Fig. 3a , no diffraction peaks related to CuO are observed in the diffractogram of the 2Cu/Ti and 5Cu/Ti catalysts, which is a consequence of the lower amount of supported CuO. Low intensity CuO diffraction peaks are evident for the 10Cu/Ti sample ( Fig. 3b ) at 35.6°and 48.9°(2h), which correspond, respectively, to the (0 0 2) and (À2 0 2) planes (JCPDS: 80-1917). A similar behavior was reported by Guerrero et al. [34] , who prepared Cu/ TiO 2 with 1, 2.5, 5 and 10 wt.% of Cu and observed CuO diffraction peaks only for the sample containing 10 wt.% of Cu. In another analogous work, Kim and Ihm [35] prepared Cu/TiO 2 catalysts containing 1, 5, 7, 10, 15, 20 or 25 wt.% of Cu, being CuO diffraction peaks only observed in the diffractogram of samples containing more than 5 wt.% of Cu. These results indicate that for xCu/Ti catalysts with Cu content near or lower than 5 wt.%, the copper active species are highly dispersed on the titania support. Similarly to what was observed for the Cu-catalysts with higher Cu content ( Fig. 3) , only the diffractogram of the 10Fe/Ti catalyst ( Fig. 4) shows low intensity diffraction peaks at 24.2°, 35.8°, 40.8°and 49.5°(2h), which are related, respectively, to the (0 1 2), (1 1 0), (1 1 3) and (0 2 4) atomic planes of Fe 2 O 3 (hematite) (JCPDS: 80-2377). Wang et al. [36] , who prepared iron based titania catalysts using the sol-gel method, XRD data and the Rietveld Refine-ment, reported that crystalline hematite was formed on the titania surface only when the iron content was greater than 5 wt.%. Wang et al. [36] also observed the formation of Fe 2 TiO 5 when the catalysts were calcined at temperatures higher than 800°C.
The difractoframs of the xCu/Ti catalysts (Fig. 3a) shows more intense diffraction peaks related to the rutile crystalline phase, which is in corroboration with the TG/DTA analysis of 10Cu/Ti cat- alyst (Fig. 2a ) that evidenced the anatase transition to rutile occurring at lower temperatures in the presence of CuO [32] . In order to elucidate this phenomenon, Rietveld refinements of the X-ray diffractogram of the 10Cu/Ti and 10Fe/Ti catalysts were performed (Fig. 5) .
The Rietveld method [22] , also known as total pattern fitting, was used here for an accurate quantitative phase analysis of the powder patterns of the mentioned catalysts. This analysis is used to determine the concentration of various phases that are present in a mixture after they have been identified. Scale factors for every phase present in the mixture, which are determined quite accurately during Rietveld refinement, are proportional to the fraction of the unit cells present in the irradiated volume of the sample. Thus, the scale factors can be easily converted into weight, molar or volume fractions of the respective phase, giving the percentage of the phase in the sample [37] .
The refinement was performed in the whole range of the collected data and only the occupation factor was kept fixed. The disagreement factors (v 2 and R wp ) shown in Table 2 evidenced that the calculated and observed diffractograms ( Fig. 5 ) are in good agreement [37] , confirming that the structures were well refined. Based on the Rietveld analysis, it was possible to confirm a higher content of rutile in the sample containing Cu when compared to that containing hematite ( Table 2 ). In addition, the Rietveld refinement confirmed the presence of CuO and Fe 2 O 3 in the samples.
The N 2 adsorption/desorption isotherms of pure titania, used as support, are shown in Fig. 6 . The N 2 sorption isotherms, in agreement with the results reported by Robertson and Bandosz [38] , can be classified as Type II, according to IUPAC recommendations [39] and present a small hysteresis at high relative pressures. According to BJH pore size distribution (inset in Fig. 1 ), the commercial titania (P25 Aeroxide) is mostly mesoporous but also presents micro and macropores. Table 3 presents the specific surface area of the pure titania and of the 10Cu/Ti and 10Fe/Ti catalysts together with the range of pore diameters (d p ) of the support. In comparison with the pure titania, the specific surface area of the 10Cu/Ti and Fe/Ti catalysts considerably diminishes. That reduction was expected since the titania impregnation with the solutions of Cu or Fe precursor salts and subsequent calcination blocks their pores, resulting in a decrease in their specific surface area [4] . As can also be seen in Table 3 , the decrease in the S BET area was higher for the catalyst containing Cu. According to the results of TG/DTA analyses (Figs. 1 and 2), which were corroborated by the data from XRD (Figs. 3 and 4) and Rietveld Refinement ( Fig. 5 and Table 2 ), the presence of CuO on the surface of titania promoted, during calcination, a higher formation of rutile, phase which has higher crystal size (Table 2) , thus resulting in a lower specific surface area. [40, 41] .
As can be seen in Fig. 7a , the pure titania does not reduce at the used H 2 -TPR conditions and consistent with the chemical analysis (Table 1) , the H 2 -TPR profiles confirm the presence of CuO in the Cu/Ti catalysts (Fig. 7a ). These profiles show two reduction peaks with a maximum of H 2 consumption at around 140 and 240-270°C. The H 2 consumption at lower temperatures was practically not influenced by the copper content. On the other hand, at higher temperatures, the H 2 consumption considerably increased for the Cu/Ti catalysts containing 5% and 10% of Cu. This behavior is coherent with the attribution that reduction of isolated CuO particles occurs at lower temperatures and reduction of clusters of copper oxide occurs at higher temperatures [42, 43] .
The reduction temperatures of the supported CuO on the studied titania catalysts were lower when compared to bulk CuO [44] . As reported by Xu et al. [45] , the CuO and titania interaction decreases the activation energy for the reduction of CuO. This behavior can be understood considering that the H 2 atmosphere promotes the reduction of Ti +4 to Ti +3 , which generates oxygen vacancies. The oxygen transfer from CuO particles to oxygen vacancies allows restoring the Ti +4 ions and, consequently, leads to the reduction of copper oxide. The shoulder observed at approximately 290°C in the H 2 TPR profile of Cu/Ti catalysts with lower metal content is attributed to the reduction of anatase in close contact with reduced copper species. On the other hand, no shoulder is observed in the H 2 reduction profile of the Cu catalyst with the highest metal content (Fig. 7a ). That can be construed as indicative of simultaneous anatase and CuO reduction [44] .
In Table 1 , the ratio of reduced Cu(II) to total Cu(II) in the catalysts determined by chemical analysis (Table 1) is shown. As can be observed, among the Cu/Ti catalysts, the 2Cu/Ti shows the lowest ratio of reduced Cu. This behavior can be attributed to isolated CuO particles well dispersed on the support, which interact with Ti atoms more strongly and, consequently, disfavor the reduction process. The ratio of reduced Cu was close to 1 for the 5Cu/Ti and 10Cu/Ti catalysts, which have most of the CuO species forming clusters and consequently, present weaker support interaction. Partel et al. [10] prepared CuO catalysts supported on SBA-15 and, similarly with the Cu/Ti reduction behavior discussed here, they also concluded that lower Cu loading result in more isolated Cu species in close contact with the support, which were more refractory to be reduced.
Iron based catalysts presented H 2 uptake in the range of 260 and 900°C or higher (Fig. 7b) . The Fe reduction peaks up to 550-600°C are attributed to the consecutive reduction of Fe 2 O 3 to Fe 3 O 4 and, subsequently, to Fe [46] . The first reduction step (Fe 2 O 3 to Fe 3 O 4 ) in the studied Fe(III)/Ti catalysts occurred as expected at lower temperatures in comparison with bulk iron oxide [47] .The H 2 uptake at temperatures higher than 600°C is attributed to the reduction of iron oxide with strong interaction with titania, which results in the formation of Fe 2 TiO 5 [48] and, consequently, that reduction peak was strongly dislocated to higher temperatures with the increase in iron content (Fig. 7b ). This behavior also led to a decrease in the ratio of reduced iron with the increase in its supported amount on titania (Table 1) .
In order to understand the behavior of the catalysts in the presence of carbon monoxide, CO-TPR analyses were performed (Fig. 8 ). For pure TiO 2 , no CO consumption was verified and for the xCu/Ti catalysts (Fig. 8a) , the CO consumption occurred from 115°C to 765°C. This result is coherent with data published by Hornés et al. [49] , who reported that the reduction of isolated particles and clusters of CuO to Cu 0 with CO occurs in one single step resulting in a broad reduction peak centered at around 300°C. In addition, it is possible to observe in Fig. 8a that the TCD signal did not return to the baseline even at temperatures much higher than those required for the reduction of CuO. This result can be explained by the occurrence of CO disproportionation, in which two molecules of CO react producing CO 2 and carbon, which is deposited over the catalyst surface [49] .
The CO-TPR profiles of the Fe/Ti catalysts (Fig. 8b) show CO consumption in all the range of temperatures used in the analysis. As was reported by Jozwiak et al. [50] , the reduction of Fe 2 O 3 with CO occurs via Fe 3 O 4 at around 280°C followed by the formation of iron carbides at 360°C. Similarly to the behavior observed during the H 2 -TPR of xFe/Ti catalysts (Fig. 7b ), CO consumption above 600°C is related to the reduction of iron oxide in close contact with titania, or to the reduction of the iron carbides species [50] .
The UV VIS DRS spectra of TiO 2 displayed in Fig. 9 present significant absorption at wavelengths lower than 400 nm. According to Nur [51] , the absorption in the range between 230 and 280 nm with a shoulder in 240 nm is related to the charge transfer from octahedral Ti (IV) to O 2À . For all the studied Cu and Fe catalysts, this TiO 2 UV VIS absorption characteristic is clearly evidenced. This observation shows that the Cu(II) or Fe(III) oxides supported on the titania surface did not modify the absorption of the support [52] .
Due to its low Cu content, the UV VIS DRS spectrum of the 2Cu/Ti catalyst is close to that of the titania support (Fig. 9a ). On the other hand, the 10Cu/Ti catalyst clearly shows an absorption band between 400 and 800 nm, which is attributed to the d-d electronic transition of Cu 2+ ions in a octahedral symmetry (Fig. 9a) [42] . Similar behavior was observed for the xFe/Ti catalysts (Fig. 9b) , with the samples having higher iron content and showing absorption bands between 350 and 500 nm, which are related to the d-d transition of Fe 3+ present on Fe 2 O 3 and Fe 2 TiO 5 species [53] , confirming the H 2 -TPR observations. In Fig. 9a and b, the characteristic UV VIS-DRS absorption bands of Cu(II) [54] and Fe(III) [55] oxides at wavelengths lower than 350 nm are not evidenced because they are overlapped by the bands of the support.
Catalytic activity
The activity of the xCu/Ti and xFe/Ti catalysts in the reduction of NO with CO was evaluated between 150 and 500°C. As can be seen in Fig. 10 , no activity is verified for pure titania used as support.
The Cu-catalysts presented observable conversion of NO to N 2 (Eq. (1)) at temperatures higher than 300°C (Fig. 10a ). As expected, the activity of the catalysts for NO reduction with CO increases with the increase in reaction temperature and the conversion of NO to N 2 at 500°C reached 17%, 24% and 54% on the 2, 5 and 10 wt.% of Cu supported on titania constituted by anatase and rutile (Table 2 ). This behavior confirms the data published by Zhu et al. [43] , who prepared active CuO catalysts supported on rutile or anatase for the reduction of NO with CO. According to these authors, CuO supported on rutile was more active once a higher amount of Cu + species were generated during the reaction.
The formation of CO 2 from CO oxidation with NO on xCu/Ti is observed for temperatures at around 200°C (Fig. 10b ) and the conversion of CO to CO 2 was only more pronounced than that of NO to [57] . The Fe-catalysts exhibit higher activity for NO and CO conversions than the Cu-catalysts for temperatures lower than 450°C ( Fig. 11a and b) . The activities of the 5Fe/Ti and 10Fe/Ti catalysts were very similar and reached, at 500°C, a conversion of NO to N 2 and CO to CO 2 of about 58%. Besides their higher activity, the xFe/Ti catalysts presented very close levels of NO to N 2 and CO to CO 2 conversions, which evidences a desirable high selectivity to N 2 formation. This interesting performance shows that, in spite of the higher Fe(III) interaction with TiO 2 observed by CO-TPR, H 2 -TPR and UV VIS DRS analyses, the Fe atoms remain specially active to the selective abatement of NO to N 2 with CO.
It is necessary to emphasize that after the use of the xCu/Ti and xFe/Ti catalysts in the NO reduction with CO, formation of carbon on the catalyst surface was not verified. During the NO reduction, the CO molecules reduce preferentially the metal oxide avoiding the occurrence of CO disproportionation, therefore not forming carbon. The reduced metal is subsequently oxidized by the NO molecules.
It is well known that the way the NO adsorption happens on a metal oxide influences the mechanism to form N 2 or/and N 2 O depending on the temperature or the support features [5, 58] . For catalysts containing copper oxide, the adsorption is molecular and different complexes can be formed on their surface [58] . As proposed by Sun et al. [16] , such complexes may react with another molecule of NO forming N 2 O, which may be decomposed to a desorbed molecule of N 2 and an adsorbed oxygen atom (Eq. On the other hand, the adsorption of NO on the iron oxide is dissociative and occurs as represented by Eq. (6), wherein d represents a catalytic site. When two adsorbed nitrogen atoms react, N 2 is generated (Eq. (7)). The adsorbed oxygen will conduct the oxidation of CO to CO 2 (Eq. (8) In order to verify the stability of catalysts, the reduction of NO with CO at 500°C was performed in the presence of O 2 , SO 2 and water steam ( Figs. 12 and 13 ). As can be seen in Fig. 11a , when O 2 is added to the feed stream the conversion of NO to N 2 on the 10Cu/Ti catalyst remains constant, but the conversion of CO to CO 2 increases to 90% and, then, it remains constant. The presence of O 2 favors the direct CO oxidation to CO 2 , according to Eq. (9) [59] . Nevertheless, the reduction of NO with CO is still occurring because the amount of oxygen fed was lower than the stoichiometric value. The conversion of CO to CO 2 returned to its initial value when the O 2 feed is interrupted.
The conversions of NO and CO on the 10Cu/Ti catalyst dropped drastically when SO 2 was introduced into the feed mixture (Fig. 12a ). The dramatic activity loss is due to the formation of sulfates on the titania surface [60] , which block the active sites and, consequently, the conversion does not return to its initial value after SO 2 removal from the feed [61] .
The catalytic behavior of 10Fe/Ti during the reduction of NO with CO in the presence of O 2 (Fig. 12b) is quite similar to that observed for the 10Cu/Ti catalyst (Fig. 12a) . However, the analyzed Fe-catalyst shows a promising resistance to the presence of SO 2 . As can be observed in Fig. 12b , sulfur dioxide does not alter the Fe activity drastically. In comparison with Cu catalysts, the higher sulfur stability of the Fe catalysts is related to the higher heat of SO 2 adsorption on iron sites [61] .
The stability of the 10Cu/Ti catalyst in the presence of water steam is shown in Fig. 13a . It can be noted that the water steam led to a drop in the NO or CO conversion of 40% and after the removal of water steam, the conversion does not return to its initial value. This behavior has been attributed to the NO and water competition for the Cu active sites [62] and it is consistent with the behavior observed by Stegenga et al. [59] , who evaluated copper-chromium/carbon catalysts in the reduction of NO with CO in the presence of water steam. Their results show that the level of NO and CO conversion was significantly decreased by the presence of H 2 O. However, contrary to our result, when water was removed from the reactant gas, the conversion returned to its initial level. Chen et al. [63] studied interesting Cu-Co catalysts supported on nano-TiO 2 , which showed conversions of NO and CO of around 92%, when 4% (vol./vol.) of water steam was fed into the reactor. Fig. 13b shows that the conversion of NO and CO on the 10Fe/Ti catalyst at 500°C remains almost unchanged, evidencing its high catalytic stability in the presence of water steam. These results are different from those obtained by Kobylinsk and Taylor [64] , who reported that catalysts containing Fe and Cr supported on alumina showed a decrease in the conversion of NO and CO in the presence of H 2 O. Iron supported catalysts are largely applied to the water-gas shift reaction [65, 66] ; however, no activity for that reaction was observed in the present study. This result can be attributed to the high interaction between TiO 2 and Fe 2 O 3 , which could minimize the reaction of CO with water (Eq. (10)). On the other hand, the reactions involving Fe 2 O 3 , CO and water steam, represented by Eqs. (11) and (12) [67] , could also be occurring in some extension without affecting the reduction of NO with CO.
The higher activity, selectivity to N 2 and stability to O 2 , SO 2 and water steam make xFe/Ti catalysts highly promising to be applied to the abatement of NO x emissions from combustion processes.
Conclusion
The data obtained from XRD, H 2 -TPR, CO-TPR and UV VIS DRS evidenced the presence of well distributed octahedral Cu(II) and Fe(III) species in the studied xCu/Ti and xFe/Ti catalysts. TG/ATD results and Rietveld refinement of the XRD pattern of the 10Cu/Ti catalyst corroborated that, during calcination, copper oxide promotes the anatase transition to rutile, leading to a higher decrease in its specific surface area when compared to the 10Fe/Ti catalyst. Despite the high interaction between Fe(III) oxide and titania, verified from the H 2 -TPR and CO-TPR profiles, Fe 2 O 3 catalysts were more active and selective to N 2 at temperatures lower than 450°C than those based on CuO. Moreover, the iron (III) catalyst also showed higher stability in the presence of O 2 , SO 2 and water steam at 500°C. These results make Fe 2 O 3 catalysts supported on TiO 2 highly promising to be applied to the abatement of NO x emissions generated in combustion processes.
